The class Negativicutes is a group of anaerobic Gramstain-negative bacteria in the phylum Firmicutes previously classified as Clostridia (e.g. Yutin & Galperin, 2013) . Recently, Campbell et al. (2015) proposed a reorganization of this group with the division of the class into the three orders Selenomonadales, Veillonellales and Acidaminococcales. Notably, members of the class Negativicutes display a Gram-stain-negative cell wall structure in which cells are surrounded by an outer membrane that is exterior to a thin layer of peptidoglycan. This is unique because the phylum Firmicutes was once thought to comprise exclusively Gram-stain-positive bacteria with low DNA G+C content (Yutin & Galperin, 2013) . As a result, microorganisms from this group were frequently misplaced into other bacterial lineages due to their Gram-stain-negative phenotype or remained unclassified. Phylogenetic analyses based on 16S rRNA gene sequences and other molecular markers now place these Gram-stain-negative bacteria firmly within the phylum Firmicutes (Campbell et al., 2015; Church et al., 2011; Jumas-Bilak et al., 2004; Marchandin et al., 2010; Moe et al., 2012; Sass et al., 2004; Sattley et al., 2008; Shelobolina et al., 2007; Ueki et al., 2014; Wang et al., 2015; Yutin & Galperin, 2013) .
Previously, an enrichment culture was established using unconsolidated saprolite (weathered bedrock) from a sediment core collected at the United States Department of Energy (DOE) Oak Ridge Field Research Center (ORFRC) in Tennessee, USA (Shah et al., 2014) . This culture was composed of two fermenting Firmicutes species. Here, we report the isolation and characterization of one of these organisms from this enrichment culture designated as strain RU4
T . Phylogenetic analysis using the 16S rRNA gene indicates that strain RU4 T belongs to the class Negativicutes.
The ORFRC enrichment culture was established using 4.5-6.0 m deep sediment cores as the initial inoculum and then maintained by transferring the culture every week to fresh liquid medium. The medium A (MA) contained 20 mM NH 4 Cl, 2.2 mM KH 2 PO 4 , 0.6 mM CaCl 2 Á2H 2 O, 8 mM MgCl 2 Á6H 2 O, 10 mM PIPES buffer and 10 ml mineral solution l À1 (Wolin et al., 1963) , adjusted to pH 7 using 1 M NaOH. Prior to inoculation, 10 ml Wolfe's vitamin mix l À1 (Wolin et al., 1963) , 0.05 g yeast extract l
À1
, 1 mM cysteine and 30 mM fumarate as the carbon source were added to the medium. To isolate strain RU4 T , the culture was transferred to inverted, deoxygenated MA tubes amended with 1.5 % (w/v) Noble agar. Incubation at 30 C for 3 days resulted in the formation of bubbles embedded in the agar.
Under anoxic conditions, the cells in each bubble were then transferred using a needle and syringe to collapse the bubble and subsequently injected into fresh inverted soft agar. After three consecutive transfers, individual bubbles were inoculated in liquid MA containing 10 g yeast extract l À1 to promote a higher density of growth. The pure culture was designated as RU4
T and preserved at À80 C with 10 % (v/v) DMSO.
The morphology, cell wall structure and sporulation of strain RU4 T were characterized. First, cells of strain RU4 T were examined using transmission electron microscopy. To prepare thin sections, cells were fixed in 4 % (v/v) formaldehyde and 1 % (v/v) glutaraldehyde in 0.1 M Millonig's phosphate buffer at pH 7.3 for 3 h, incubated in 1 % osmium tetroxide for 1 h, and then dehydrated in a graded ethanol series. Cells were then embedded in Epon-Araldite, sectioned with a diamond knife and stained with a 5 % (w/v) uranyl acetate solution in 50 % ethanol and 0.5 % (w/v) lead citrate solution. Electron micrographs were taken using a model JEM 100 CX transmission electron microscope (JEOL). Transmission electron micrographs of strain RU4
T showed slightly curved rods 2-4 µm long and 0.3-0.5 µm wide, and enveloped by an outer membrane exterior to a thin cell wall (Figs 1 and S1a, available in the online Supplementary Material), indicating the strain is Gram-stain-negative. Gram staining of RU4 T cells using standard procedures (Gerhardt et al., 1994) confirmed this. A lateral flagellum located on the convex side of the rod was observed (Fig. S1b) , indicating strain RU4 T is motile. At late exponential phase, vegetative cells formed terminal endospores at the end of vegetative cells (Fig. S1c) . In stationary phase, the spores measured 1.0Â0.6 µm and were covered by a wavy, loosely-fitting exosporium located exterior to the cortex and outer spore coat (Fig. S1d) . Spores remained viable even after heat pasteurization at 75 C for 15 min.
Optimum growth for RU4 T was tested anaerobically in defined MA with 30 mM fumarate, and determined based on the optical density (OD) at 600 nm after 7 days. Growth occurred under neutrophilic and mesophilic conditions between 24 and 30 C, with optimum growth occurring at 28 C. The pH range for growth was 5-7.5, with an optimum at pH 6.8. The presence of vitamins or yeast extract to the medium was not required, but if added promoted a higher density of growth. No growth was observed when RU4
T was incubated aerobically.
The utilization of alternative electron donors was tested under anoxic conditions at 30 C. Growth by fermentation on different carbon substrates was examined in MA with 100 % N 2 headspace and supplemented with the following carbon sources (30 mM): fumarate, maleate, glucose, glycerol, pyruvate, lactate, succinate, citrate, formate, acetate, propionate, butyrate and valerate, as well as H 2 /CO 2 (2 : 1, v/v) and H 2 /30 mM Na 2 SO 4 . Growth was measured by OD at 600 nm over 28 days. Positive growth was designated as a change in optical density at 600 nm (DOD 600 ) !0.1, while DOD 600 <0.1 was considered as negative for growth. The isolate grew anaerobically by fermentation on fumarate and maleate only, but not on any of the other substrates (Table 1) . Strain RU4
T was also unable to grow autotrophically using H 2 as the electron donor and CO 2 as the carbon source, both with and without sulfate.
The utilization of sulfate and ferric iron [Fe(III)] as electron acceptors was tested to investigate growth by anaerobic respiration. Sulfate reduction was examined using all carbon sources listed above. Cultures amended with 30 mM Na 2 SO 4 were sampled periodically and sulfate concentrations were measured by ion chromatography on an ICS-1000 chromatograph (Dionex) with an anion column (ASRS 250 column). Sulfide concentrations were also measured using the assay method of Cline (1969) . The addition of sulfate to the media did not stimulate growth on any of the carbon substrates, and neither loss of sulfate nor formation of sulfide was detected in any of the cultures. To test for reduction of ferric iron, 10 mM synthetic ferrihydrite was supplemented with 30 mM fumarate as the electron donor in MA. Production of reduced ferrous iron was quantified using a modified ferrozine assay (Viollier et al., 2000) . Media samples were added to ferrozine solutions and absorbance was measured at 562 nm using a BioSpec-mini spectrophotometer (Shimadzu). Growth of strain RU4
T was observed but no iron reduction occurred.
The G+C content of the DNA was determined by the Identification Service of DSMZ using the protocols described by Cashion et al. (1977) and Mesbah et al. (1989) . Briefly, individual deoxyribonucleotides were quantified by HPLC calibrated with lambda DNA (Tamaoka & Komagata, 1984) . Three DNA sequences -Bacillus subtilis DSM 402, DNA G+C content 43 mol%; Xanthomonas campestris DSM Mesbah et al. (1989) . Using this method, the G+C content of the DNA from strain RU4
T was determined to be 52 mol%.
The 16S rRNA gene of strain RU4 T was sequenced and analysed. PCR amplification of the gene was carried out using universal primers GM3F (5¢-AGAGTTTGATCMTGGC-3¢) and GM4R (5¢-TACCTTGTTACGACTT-3¢) and the product was sequenced by Genewiz. The 1509 bp sequence was deposited in the National Center for Biotechnology Information (NCBI) database under accession number KX268498. Other 16S sequences from the Negativicutes were obtained from the NCBI database, and together aligned through the Ribosomal Database Project (Cole et al., 2014) . A maximum-parsimony tree was constructed with 1000 bootstrap replicates using MEGA version 4 (Tamura et al., 2007) . Using the EzTaxon server (http:// www.ezbiocloud.net/eztaxon; Kim et al., 2012) , the 16S rRNA gene sequence of RU4
T showed highest similarity to members of the family Sporomusaceae, order Selenomonadales (Fig. 2) Fatty acid methyl esters (FAMEs) were obtained from 30 mg of freeze-dried cells grown in MA under fumarate-fermenting conditions. Fatty acid analysis was carried out by the Identification Service of the DSMZ using the methods described by Miller (1982) and Kuykendall et al. (1988) . Briefly, FAME mixtures were separated using a SHERLOCK Microbial Identification System (MIDI, Microbial ID). The Microbial Identification System Standard Software (Microbial ID) automatically integrated and identified peaks, then calculated respective percentages. FAME analysis indicated that the majority of fatty acids present in strain RU4 T were saturated hydrocarbon chains. The most abundant fatty acids were C 17 : 0 cyclo (15.9 %), C 16 : 0 (15.6 %) and C 15 : 0 (13.0 %). Other saturated fatty acids detected were C 17 : 0 (7.1 %), C 14 : 0 (3.7 %), C 11 : 0 (1.4 %), C 13 : 0 (1.3 %) and C 12 : 0 (1.7 %). Fatty acids with one double bond in the hydrocarbon chain, such as C 17 : 1 !8c (8.0 %), C 15 : 1 !8c (7.1 %), C 17 : 1 !8c (4.2 %) and C 16 : 1 !9c (1.3 %) were also present. The FAME analysis also resulted in several summed features representing two or more fatty acids that could not be separated by the 
-ND *Electron donors tested under fermenting conditions. +, Visible growth observed; -, no growth.
Microbial Identification System. Summed feature 1 (6.1 %) consisted of C 13 : 0 3-OH and/or iso-C 15 : 1 , summed feature 2 (4.2 %) consisted of C 14 : 0 3-OH and/or iso-C 16 : 1 , and summed feature 3 (3.8 %) consisted of C 15 : 0 2-OH and/or C 16 : 1 !7c.
The draft genome of strain RU4 T was sequenced using an Illumina Genome Analyzer IIX. Briefly, genomic DNA was extracted from a culture using the PowerSoil DNA Isolation kit (MoBio), purified with the Ultraclean DNA Purification kit (MoBio), and a paired-end library was prepared using an Illumina Nextera kit. DNA sequencing reads from the Illumina Genome Analyzer IIX were assembled using the CLC Genomics Workbench 5.1. The G+C content was calculated using GeeCee and the tetranucleotide frequency of both strands was calculated using TETRA (Teeling et al., 2004) , clustered with CLUSTER 3.0 and visualized in Java TreeView (Saldanha, 2004) . This was used to verify all contiguous sequences (contigs) belonged to a single organism. Ultimately, 28 contigs were obtained for strain RU4
T . These contigs were large in size and had coverage over 600Â. The average DNA G+C content was 46 mol%, which was slightly lower than the value obtained by HPLC. A total of 3411 open reading frames were identified. Genes were annotated using BLAST, KEGG Automatic Annotation Server (KAAS) and Rapid Annotation using Subsystem Technology (RAST) (Moriya et al., 2007; Aziz et al., 2008 Fig. 2 . Phylogenetic analysis of strain RU4 T . Phylogenetic tree reconstructed using the 16S rRNA gene sequence from strain RU4
T and other organisms in the class Negativicutes. Shown are representatives from the three orders Selenomonadales, Veillonellales and Acidaminococcales. Sequences were aligned using the Ribosomal Database Project aligner and a maximum-pariximony tree was reconstructed with 1000 bootstrap replicates through MEGA 4, with bootstrap values over 50 % indicated. Scale bar represents number of changes over the whole sequence. Shewanella oneidensis MR-1 served as the outgroup. Phylogenetic trees of the housekeeping genes rpoB, atpD, gyrB, infB and recA are displayed in Figs S2-S6.
Genome Shotgun project has been deposited at DDBJ/ENA/ GenBank under accession LSGP00000000. The version described in this paper is version LSGP01000000.
Housekeeping genes were identified in the draft genome sequence using the TBLASTX tool. These included the RNA polymerase b-subunit (RU4_gene_3630), ATP synthase F1 b-subunit (RU4_gene_1585), translation initiation factor IF-2 (RU4_gene_749), DNA gyrase subunit B (RU4_gene_2192), and DNA recombination and repair protein (RU4_gene_625) genes. Nucleotide sequences of these genes from related organisms were obtained from the NCBI database. Alignment of translated housekeeping gene sequences was performed using CLUSTAL W and phylogenetic trees were reconstructed with the neighbour-joining method and 1000 bootstrap replicates in MEGA 4. The translated protein sequences of the housekeeping genes were most closely related to the RpoB, AtpD, GyrB, InfB and RecA sequences (Figs S2-S6) in the genera Sporomusa and Propionispora. Sequence similarity of these housekeeping genes to those of related organisms ranged from 81 to 90 %. Phylogenetic analysis of the housekeeping genes confirmed the taxonomic placement of strain RU4
T in the family Sporomusaceae.
Strain RU4
T represents a distinct lineage within the family Sporomusaceae. Phylogenetic analyses of the 16S rRNA, rpoB, atpD, gyrB, infB and recA genes consistently place RU4 T in its own group (Fig. 2, Figs S2-S6 ). The relatively low sequence similarities with other known Sporomusaceae members lie below the taxonomic threshold at the genus level as reported by Yarza et al. (2014) , which signifies that RU4
T represents a novel species of a new genus. Furthermore, the fatty acid profile of strain RU4
T is composed primarily of saturated hydrocarbons and differs from the most closely related taxa. The most abundant fatty acids in strain RU4 T (C 17 : 0 cyclo and C 16 : 0 ) are absent or occur at very low levels in D. quercicolus DSM 1736 T (Strömpl et al., 2000) . Similarly, the most dominant fatty acids in P. fermentans (C 14 : 0 DMA and C 15 : 1 !8c and/or C 15 : 2 ) were not detected in strain RU4
T (Moe et al., 2012) . Fatty acid profiles for D. quercicolus and P. fermentans were obtained using cultures grown in peptone and yeast extract supplemented with either fructose or glucose (Strömpl et al., 2000; Moe et al., 2012) . In contrast, strain RU4
T cannot grow on glucose, and fatty acids were determined in cultures grown on fumarate. Based on the data presented, strain RU4
T is considered to represent a novel species of a new genus in the family Sporomusaceae, for which the name Anaerosporomusa subterranea gen. nov., sp. nov. is proposed.
A particularly unique characteristic of strain RU4 T is that its growth is limited to fermentation on short-chain dicarboxylic acids (Table 1) . While the fermentative metabolism of strain RU4
T is a common trait among the Sporomusaceae, other members of this family typically ferment a wide range of carbon sources. Our study suggests that strain RU4
T is limited to fermentation on short-chain dicarboxylic acids. This stark contrast indicates that strain RU4
T occupies a narrow metabolic niche in its natural habitat and suggests that this organism is reliant on other members of the surrounding ecological community to produce its growth substrates. If RU4 T relies on the metabolic products of other fermenters that breakdown complex molecules, then consumption of those products by strain RU4
T may alleviate the buildup of short-chain carboxylic acids and enhance further carbon metabolism by the primary fermenters. This may explain why members of this family (formerly known as Veillonellaceae) are highly enriched during carbon injection experiments into anoxic groundwater aquifers (Gihring et al., 2011) .
The data presented in this study describe a newly isolated microorganism representing a novel species of a new genus, Anaerosporomusa subterranea RU4 T , as part of the newly created family Sporomusaceae in the class Negativicutes. A recent study by Campbell et al. (2015) has rearranged the phylogeny of this group based on the identification of conserved molecular markers, and proposed a revised taxonomic framework for the class Negativicutes that includes two other orders in addition to Selenomonadales. In this new organization, strain RU4
T is placed under the family Sporomusaceae within the emended order Selenomonadales based on 16S rRNA gene sequence similarities reported in this study.
Description of Anaerosporomusa gen. nov.
Anaerosporomusa (An.ae.ro.spo.ro.mu¢sa. Gr. prefix an without; Gr. masc. n. aer air; Gr. n. spora seed; L. n. musa banana; N.L. fem. n. Anaerosporomusa an anaerobic sporebearing banana).
Cells are slightly curved rods, Gram-stain-negative and motile. Spore-forming. Mesophilic and neutrophilic. Anaerobic. Limited to growth by fermentation on short chain carboxylic acids. Unable to reduce sulfate or Fe(III). The cellular fatty acid profile is primarily composed of saturated hydrocarbon chains.
A member of the family Sporomusaceae, class Negativicutes, according to 16S rRNA gene sequence analysis. The type species is Anaerosporomusa subterranea.
Description of Anaerosporomusa subterranea sp. nov.
Anaerosporomusa subterranea (sub.ter.ra ¢ne.a. L. fem. adj. subterranea subsurface).
Exhibits the following features additional to those given in the genus description. Cells are 2-4 µm in length and 0.3-0.5 µm in diameter. Possesses a flagellum, placed laterally on the convex side of the rod. Terminal endospores are formed at late exponential phase. Endospores are heat-resistant. Growth occurs optimally at pH 6.8 and 28
C, but can also occur at a pH range of 5.0-7.5 and a temperature range of 24-30 C. Can use only fumarate and maleate as
